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ABSTRACT

We present a full Standard Model calculation of the gq¢ — ggW Z electroweak
process in pp collisions at the SSC, including W and Z leptonic decay correla-
tions. We also analyze the backgrounds to this signal from Ztt — ZW 4 jets
and ¢G — W Z+ jets. Single forward jet-tagging and vetoing of events with > 2
central jets can suppress the backgrounds with little effect on the signal. With

10fb™! integrated luminosity we expect 50 signal events and 30 background

events.
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I. INTRODUCTION

The interest in WZ production at future hadron supercolliders is in testing the electroweak
gauge sector. One aspect is the measurement of 3-boson couplings in inclusive W Z production
which has been addressed previously[l]; such measurements mainly probe the gauge interactions
in the transverse boson sector. Another major issue is the measurement of weak boson scattering
amplitudes. Regardless of whether there exists a Higgs boson of light mass (< 600 GeV),
gauge boson scattering in the TeV region will provide crucial information on the full nature of
electroweak symmetry breaking and the four gauge boson couplings.

The scattering of longitudinal weak bosons is closely related to electroweak symmetry break-
ing[2]. The channel Z;Z; probes Higgs-like dynamics, Wi Z;, probes QCD-like dynamics (e.g
a technirho resonance), and W}f W}f tests the possibility of new strong interactions in the weak
boson sector. Detection of a heavy Higgs signal in pp collisions has been a subject of long stand-
ing interest[3]. Recently comprehensive studies have been made of Higgs signals in weak boson
scattering in both the ZZ[4, 5] and W*W~([6] channels with the conclusion that a Higgs boson
can be detected if its mass is less than about 1 TeV.

Other theoretical studies considered the possibility of isolating the vector boson scattering
subprocesses WTW* — W+W+ [7-10). Although there are major backgrounds such as W
bremsstrahlung in quark scattering[8, 11], Wtt [8] and #f production[8, 9], it was found that
these backgrounds can be effectively suppressed by judicious event selection criteria involving
the vetoing of hard central jets combined with lepton isolation cuts or jet-tagging. The resulting
signal event rates are at interesting levels for high luminosity machines.

In this paper we focus our attention on a full calculation of the electroweak q¢ — gqWZ
scattering channel in order to assess Standard Model (SM) expectations and thus permit the
identification of new physics contributions in this channel should they exist. Here a substantial
enhancement may occur over the SM rate if there exists a W Z resonance state such as a technirho

of technicolor models[12]; such a resonance occurs mainly in the scattering of longitudinal vector



bosons[13-15]. In the absence of a resonant structure, one would like to test the predictions of
the SM in this channel.

The pp inclusive cross section at the SSC for the g¢g — g¢W Z signal with leptonic W and
Z decays (imposing minimal jet momentum transfer and separation cuts of Q2 > 5 GeV? and
AR;; > 0.7 and minimal lepton acceptance cuts of |ye| < 2, pr(€) > 25 GeV) is 16 fb, much
smaller than the ¢g¢ — WZ annihilation background of 140 fb in lowest order[16] {(about 230
tb at O(a,)[17]) and the gg,9§ — Ztf background of 83 fb for m, = 140 GeV. Even if we
restrict the kinematic range to high WZ invariant masses, the dominance of the background
remains. However, single forward jet-tagging provides a means to suppress the backgrounds with
only & modest reduction of the signal. In order to correctly implement a forward jet-tag we
must calculate next to leading order contributions to the backgrounds discussed above. We shall
also impose a central jet veto to further suppress the Ztf background. Hereafter we denote the
electroweak gq — gqW Z signal by EW and refer to ¢4 — WZ production with additional jets
as the QCD background.

The EW signal in the SM is dominated by transversely polarized weak bosons. We can
further veto the transverse WZ events but the remaining longitudinal W Z signal in the SM is
exceedingly small; any observation of excess events with these selection criteria would necessarily
indicate the presence of new physics.

The organization of the paper is as follows. In Section II we outline the full calculation of the
qq — gqW Z electroweak signal. Special attention is given to the treatment of diagrams involving
photons at low Q*. We also discuss the calculation of the various backgrounds. Section III gives
our results, describing the acceptance criteria needed to isolate the signal. Complete amplitude
formulas for the signal processes are given in Appendix A. Appendix B details the calculation of

the amplitudes for the subprocesses leading to Zt# jet production.



II. CALCULATION OF PROCESSES PRODUCING W*Z + JETS

Our primary focus is the study of WZ — W Z scattering which enters in the g9 — qqW Z
subprocesses; representative Feynman graphs are shown in Fig. 1. There are several sources of
backgrounds that we need to consider. The annihilation process g — W Z is of some concern.
However, the requirement of at least one forward jet in the final state (single forward jet-tagging)
is very effective in suppressing this exclusive channel; QCD corrections which lead to WZ 7
production with one very energetic forward jet are rather small, as we will demonstrate. A more
worrisome background is Z¢? production with subsequent decay of the top quark to a real W
boson and a b quark. In order to assess the efficiency of single jet-tagging it is necessary to
include gluon emission contributions to this subprocess: the gluon jet has a larger probability to
occur in the forward region than any of the top decay products.

In the following we elaborate on the techniques that we use in calculating these signal and

background processes.

A. The ¢¢ — qqW Z signal

At O(a?), electroweak processes contribute significantly to W*Z production in association
with two quarks that give up to two visible jets. A representative set of Feynman graphs for these
processes is shown in Fig. 1. Our major interest is in the WZ — W Z scattering subprocesses
such as the ones shown in Fig. 1(a) that include the WW ZZ four boson vertices. The Higgs
boson enters only as a t-channel exchange contribution and the cross section is fairly insensitive
to the value of the Higgs boson mass. As a reference value we choose my = 0.1 TeV, but also
demonstrate the effect of changing this mass to 1 TeV. If a technirho resonance exists there would
be additional WZ - W Z scattering graphs involving its exchange.

A complete tree-level calculation of ggW=*Z production includes the contributions in which
the weak bosons are radiated from external quark lines (see Figs. 1(b) and 1(c)). We have

performed a full calculation using the helicity amplitude techniques of Ref. [18,19]. Also included



in our calculation are the leptonic decays of the final state W- and Z-bosons. The full amplitude
formulas are given in Appendix A.

Many aspects of the electroweak calculation for g¢ — g¢W Z production are similar to those
for g — ¢qZZ, gq¢WTW~ and we refer the reader to our recent discussions of the latter[5, 6).
Particular care is required in treating low Q? photons such as occurs in the Feynman graph of
Fig. 1(b). For @Q? < 5GeV? the parton calculation is inappropriate; instead the scattering of
the virtual photon off the proton must be represented by the elastic and quasielastic structure
functions of the proton. In a full calculation the available phase space for each of the final state
quarks is separated into three regions, which are defined by the momentum transfer @? and by
the invariant mass Wy,q of the hadronic state which comprises the quark and the fragments of the
proton from which this quark originates. In the deep inelastic region, defined by Q% > 5GeV?, the
parton model is used. In the elastic region, defined by W,y = my, and the quasielastic region
Q* < 5GeV?, Wiaa > my, + m,, which covers the rest, only photon exchange contributions
are considered and the coupling of the photon to the proton is described by the dipole fit to
the electric and magnetic elastic form-factors or by a parameterization of the experimentally
determined low Q? quasielastic form-factor of the proton[20]. A comprehensive discussion of the
procedure can be found in Ref. [21].

To estimate the size of the cross section below Q2 = 5 GeV? we calculate the elastic processes
gp — ¢'pWZ, where p denotes the proton. Requiring the final state parton to have transverse
momentum pr(j) > 40GeV, pseudorapidity 3 < |p;| < 5 and E; > 2 TeV, this elastic WZ
production cross section amounts to 0.23 fb as compared to 4.8 fb for the deep inelastic region.
Thus the elastic contribution can be safely neglected. Similar studies of single W and Z produc-
tion at ep colliders have shown that for a Q? cut as low as 5 GeV? the quasielastic contributions
are generally substantially smaller than the elastic ones[21]. In view of this we can restrict our
calculations to the deep inelastic regime, imposing a Q% > 5 GeV? cutoff.

As seen by each of the two incoming protons, the vector boson fusion graphs of Fig. 1{a) re-



semble deep inelastic lepton-proton scattering via charged current and neutral current exchange.
This suggests scale choices in the structure functions which are given by the squares of the mo-
mentum transfers between each of the incoming and final state quarks. To a good approximation
we can choose Q% = M%,, as is common practice[10]. For the parton distribution functions we
use the parameterization HMRS(B) of Harriman et al.[22].

In determining the acceptance of the g¢ — qgW Z signal we consider the second final state
parton (after forward jet-tagging) as a candidate for a central jet, but we do not take into
account additional central parton radiation from higher order QCD processes. In the lowest
order g¢ — qgW Z process the two final state quarks have an average transverse momentum
pr = O(Mw). Any additional radiation of partons with pr 2 Mw /2 occurs via hard processes
which will be suppressed by additional powers of a, and hence should be only a small fraction
of the inclusive cross section.

The WZ — W Z scattering rate has been estimated in Refs. [13,14] using the Effective W-
boson Approximation (EWA). Because the distributions of transversely polarized vector bosons
depend logarithmically on an undetermined scale, results based on the EWA have large uncer-
tainties. Comparing with our exact calculations, the previous results significantly overestimate

the WrZr scattering cross section.

B. The QCD W Zj background
The forward jet required for tagging the signal can also arise by QCD radiation in the
annihilation process ¢gg — WZ or from crossing related subprocesses. For the single jet-tagging

that we shall use, a full tree-level calculation is required of the channnels

9@ —-Wig, (1a)
q9—WZgq, (1b)
gg—WZg. (lc)



The relevant formulas have been presented previously in Refs. [23, 24].

(Gluon emission from a quark leg leads to both infrared and collinear singularities in the tree
level cross section formulas. These singularities can be avoided by implementing experimental
acceptances in the calculation. We impose a cut on the jet transverse momentum of pr(§),,;. =

40 GeV and require the jet to have a pseudorapidity |7;| < |n;] = 5 in order to regularize

mal

the soft and collinear divergencies. We choose a scale Q* = M ; in both the strong coupling

constant ¢, and in the structure functions for all our QCD W Zj background calculations.

C. The Zttg and Ztlq backgrounds

Additional sources for final states with a W and a Z boson are the subprocesses

99,97 — Zit , (2)

with ¢t — bW decays. A possible distinguishing characteristic is the presence of additional final
state jets from the & quarks in the top decay or from the hadronic decay of the second W.
Formulas for the amplitudes of these subprocesses are given in Ref. [25].

This lowest order Ztf process often fails to provide a fast forward jet-tagging candidate. For
that purpose we need to also consider the radiation of an additional gluon (or associated crossed

diagrams):

99,99 — Zitg , (3a)
q9 — Zitq (3b)
Gg — thq . (3(:)

The corresponding helicity amplitudes are given in Appendix B.
We wish to calculate the Ztf background in such a way that it generates the dynamical
distributions of the O(a?) processes and also reproduces the lowest order Zt{ cross section when

the extra parton becomes soft. In the following we use ‘g’ as a generic label of the extra parton



in Ztt events. The “poor person’s shower” (PPS) approximation[26] incorporates the above

features. The tree-level Zi1 4 1 ‘gluon’ differential cross section do(Zt#'g’ )L is replaced by
dﬁ(ztt-‘g’)pps = dO'(Z't{‘g’)TL (1 — e_q’%‘s) , (4)

with the constant ¢ properly chosen to reproduce the lowest order Zt{ total cross section in the

phase space region defined by our lepton acceptance cuts
lyel < 2, pr(€) > 25GeV . (5)

As pp, — 0 the final factor in Eq. (4) acts as a regulator on the extra parton. For m; = 140 GeV,
we find that ¢ = (gg—é-ﬁ)z gives the desired result at the SSC energy. In effect our calculations are
very insensitive to this regulator. If the final state ‘g’ has pr(‘g’) > 40 GeV, as we will require for
a jet, then the regulator in Eq. (4) is nearly unity and otherwise it does not affect the kinematic
distributions very much. In the parton distributions and in a, we choose one quarter of the Zti
invariant mass squared as the Q2 scale. For all our considerations we take m; = 140 GeV.

The t — Wb, W — ff decays are fully implemented at the amplitude level. Hence the
distributions of the final state particles in t — Wb — £vb decays include full spin correlations in

the decay matrix elements and all the polarization effects of the parent top quarks.

I1I. SIGNAL AND BACKGROUND COMPARISONS

In our calculations we shall impose the lepton acceptance of Eq. 5 and require

’WJ, <3, pT(J) > 40 GeV AR.'U > 0.7 (6)

for all partons to be identified as jets; here AR;; = \/(/_\qﬁ)z + (An)? is the separation between jets
in the azimuthal angle - pseudorapidity plane. In the actual SSC experiments the pr requirement
will eliminate jets caused by fluctuations in the minimum bias background.

The energy distribution of the highest energy forward jet with pseudorapidity 3 < |g;| < 5

is shown in Fig. 2 for the EW, QCD, and Ztf‘g’ contributions. The integrated cross sections
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over this phase space region are roughly the same for the three contributions and the signal to
background ratio is only 1:2.4. The requirement that the forward jet be energetic is effective in
suppressing the backgrounds. When E;(tag) > 2 TeV is imposed the signal to background ratio
improves to almost 1:1 (see Table I).

A further improvement comes from the consideration of jet activity in the central region. In
Ztt'g’ events there are extra central jets due to the b quarks in + — bW decays and the dijet
from the decay of the second W. On the other hand the EW signal and the QCD background
will have little central jet activity; the dominant feature of the EW signal is the two final state
jets arising from qq — qqW Z one of which is required to be forward. By rejecting events having

two or more central jets with
Insl <3,  pr(s) > 40 GeV, (7)

the Ztt'g’ background is substantially reduced as shown in Fig. 3. With E;(tag) > 2 TeV and
the central jet veto, the signal to background ratio is improved to 1.5:1. The cross sections after
central jet-vetoing are also given in Table L.

The numbers presented in Table I are based on minimal cuts on the lepton transverse mo-
menta. One might wonder whether the signal to background ratio could be improved by concen-
trating on high WZ invariant mass events. Due to the missing neutrino in leptonic W decays,

the W Z invariant mass cannot be determined directly, and we can only use the cluster transverse

mass, defined by[27]

Mt b7) = (MG + Phae + 1) — (Prar +1)" ®)

After imposing a missing transverse momentum acceptance cut of py > 75 GeV, we obtain the
cluster transverse mass distributions in Fig. 4. Unfortunately the shapes of the signal and the
QCD background do not differ substantially. Hence only a marginal improvement in signal to
background ratio can be achieved by an M7 cut at the expense of reducing the signal rate, which

already is very small due to the additional missing pr cut.
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A more promising possibility is the invariant mass distribution of the three final state charged
leptons, which is illustrated in Fig. 5. Here the QCD background falls more rapidly with increas-
ing M(££¢) than the signal and a M(££€) > 300 GeV cut improves the signal to background ratio
to 2.2:1 (see Table I).

The preceding results were all based on my = 100 GeV for which the WZ scattering mainly
involves transversely polarized weak bosons. For a heavy Higgs boson the production of lon-
gitudinal gauge bosons also occurs via the Higgs exchange diagram of Fig. 1(a). However, the
increase in cross section is not great; with mgz = 1 TeV we find a signal cross section after for-
ward jet-tagging and n;(central) < 1 of 5.1 fb as compared to 4.8 fb with my = 0.1 TeV. When
we veto all central jets of pr > 40 GeV the corresponding cross sections are 1.8 fb and 1.6 fb,
as summarized in Table II. The size of this enhancement due to the longitudinal contributions
would not yield a statistically significant signal even if the backgrounds could be ignored. If
there exist new contributions beyond the SM such as a technirho W Z resonance of technicolor
models, we would expect a very significant enhancement in rate. Taking the model discussed in
Ref. [14] for illustration, the rates can be estimated in the equivalent weak boson approxima-
tion. The cross section of resonant W Z production at SSC energy, with lepton acceptance cuts
and the jet-tagging cut, is about 10 fb for M,, = 1 TeV, I',. = 200 GeV and about 3 fb for
M,, =2TeV, T, =500 GeV. Any significant excess of events observed in the cluster transverse

mass or M (£4{) spectra above these SM calculations would indicate the presence of new physics.
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APPENDIX A

This Appendix gives all the formulas used in the calculation of the SM electroweak subprocess
qq — qqW*Z; gq¢ — q¢W ™ Z can be obtained by C'P conjugation. We give the helicity amplitude
expressions for the scattering matrix elements in a general R, gauge. For notations and conven-
tions we refer the reader to Rel. [5, 6]. The Feynman graphs for the subprocess gq — qgW*+Z
are shown in Fig. 6. In all diagrams ¢; = u,c and ¢/, = s,d, and ¢z can be any flavor. In our
calculation the fermion masses are neglected and in addition all CKM mixing angles are set to
zero, which is a very good approximation for the process at hand. After summing over final state
flavors a mixing angle dependence would only remain in subprocesses like ud and u3 annihilation
which do not contribute very strongly to the inclusive cross section.

In order to establish a brief notation for diagrams like those in Figs. 6(i) and 6(1) which

involve a WW Z vertex attached to a fermion line, we introduce the ket and bra

by + k2, pr) =T (b1, oj e(kn), e(k2)) Pl (ky + kz)

(h— b —b)-o, _
X (pl _ kl _ k2)2 (Uv)ﬁxﬂl (pl) (Al)

(P2, by + ka| =T (y, Koy e(ky), (k) ) P (ky + k)

(P2 + £ + E2) 0,
2 (pg + k1 + k2)? (A2)

x X5, (P2)(0)

where

(1 - r"E

214 Y
gives the numerator of the W boson propagator in a general R, gauge and
T4 (ks ko) = (ka = ka) g™ + (2k2 + k) g — (2k + Ro) g™ (A4)
T (ky, ko X,Y) =T (ky, k2) X, Y (A5)
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describe the three vector boson vertex.
The coupling strength of the vector bosons to the fermions are described by factor g¥(f).

For the Z boson they are defined by

9z (T35 — Qszyw) foro; = -1,
g2 (f) = (A6)
9z (—Qszw) for oy = +1,

where gz = g/cosf,, &y = sin’4,, and the ¥ coupling is 91(f) = eQs = g sinb, Q. The

W-fermion coupling strength is nonzero only for chirality o; = —1 of the fermions,

w_ 9
9= =7 (A7)

The individual amplitudes, corresponding to the Feynman graphs of Fig. 6 and the permu-
tations of weak bosons indicated there, are then given by

M= 37 guwwazwwal g (22)FoDY (py — p2)DY (53 — ps) DY (ky + k)
V=vyZ

X [k, ka; e(ky), €(ks)]

xT, [pr = pa, pa ~ pa; {p2 ](0),,1 ), <P4 I(G)as P3>] Pl (k1 + k2) (A8)
where )
ecot, forV =272
gvww = { (A9)
| for V=1

MO = 3" gvwwgzww ME 9 g¥. (02) Fo DY (py — p2) DY (ps — pa)
V=~y,Z
¢

xf(kl + k2)? — M}, (k1) - e(ka) <p2 |(a“)f'1

p1) (p|(c*),,

P3>
—tand, V=2
X (A10)
tan?8, ifV =+
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iMD) = > —GvWwW IzWw G, 9oy (42) FoD™ (p1 — p2) DY (ps — P4)

x [2 <p4 (¢ (kz))asrm> <P2 (f(kl))allpl> - <P2 (f (k2))allpl> <P4

(£ (k) | o)

—e(ky) - e(ks) <P2 I(U,u),] P1> <P4 l(f,--“)cra P3>] (A11)
iMB=—g inEvg:‘{ 97, (22)Fo D" (p1 = 2 = k1) D™ (p1 — p2) D (ps — pa)
x (22 |(£ (k1)),,| 1) (pa |(# (k2)).,, | 25 (A12)

iMO= 3 grwwarwway 97, (@2)FeD¥ (py = p2) DY (ps ~ po) D¥ (py ~ ps — k)

V=2
XL [p1 = P2y ka3 (p2[(0),,,| 1) € (k)]
XLy [ps = pa, =k {pa (@), ps) e (k)]
X Py’ (p1 — p2 — ks) (A13)

iM) = Z ngwgzwwgr;g:;((Iz)MLzVFODW(Pl — p2) DV(P3 — Pa)

><£(p1 — _€k2)2 — M&, <P2 (f(kz))ollpl> <P4

—tand, fV=2
X
tan?6, ifV =4

(#(k1))

)

a3

(A14)

iMO = T Fog¥g¥ (q2)
V=vy,2Z

X{Qi(??) DV(Pl —p2— k) PY¥(pr — pa — k1)

x [(pz l(e::’,;)t,1 ’ klPl) 9:1 (q1) + (Pflkl I(Uﬂ)ax
[l o) + ot 1, )]

+DV(P3 — p4) <P4 I(U#‘)as pa)

P1> 9:. (¢ )]

(@), C
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X [(szz |(0*)o,| 121} 92,0608 (04) + (P2 |(0*),, | Fabrps) 62 (0})5Y, (a})
+(P2 ("), | kakapr ) 02 (91)9Y, () + (pakakr (), | pr) 02 (4))a¥, (a1)
+ <P2k1k2 |(0’”),,IIP1> a2 (a)g (q1) + <P2k‘1 ’(‘7”)0, kzpl) aZ (a1)g? (fh)] }

(A15)

MW = 3 —gvww Fogl ¢ (q2)
Ve=vy,2

X{gfz (22)D" (p1 = p2) DY (1 — p2 — k1) P (ps ~ p2 — k1)
XTu [=k1, 21 = pas e(ka), {22 |(@),, | 22)] (04 |(01), | Kaps) + {pak
+D" (p3 ~ pa) DY (p1 — p2 — k2) Plyf (1 — p2 — ko)

ps) »e(k )]

P1) 9Z(a) + {p2

)|

(o),

xT', [Pa — pa, —ky; <P4 ’(0)03

x [(pake

(), (@), | 1) 200 } (AL6)

iMU = 2 —gzwaogrgre.(GZ)DV(Pa — pa)DY (k1 + k)
V=~,Z

x [0, (a0) (pas ks + ko (0, ) (s (@), o)

kv + ka, P1> <P4 ’(Gu)aa

+ 90,(41) (P2 |(0"),,

)| (A17)

, . 2 v
iME) = g% (gg) gzww FoD" (p1 — p2) D™ (p1 — p2 — k) Pl (p1 — p2 — k)
), E(kz)]

k1P3> 5q2,u] (AIS)

x T, [P1 — P2, —ky; <P2 |(0)01

X [<P4 k1

(00) 0y | P3) 0aa + (s |(00),,

iM®P) = gl (gz)z FO{DW(]PI — p2) <P2 ’(0”)01

P:)

k‘zPa) + gi(qé) <p4k1 ks |(°'u)aa

)

X [(g,zs(qz) <P4k1 |(Ju)93

15



+ 62 (a2) (pakaks |(2,),,

P3>) bgp.a + (gfa(%) <P4k2 |(fm)!,3 k1p3>

kikaps)) aq,,u]

+ 92, (a5 {pa |(0,),,, | akrps) + 9Z(22) {pa |(0),,
+ DY (p1 — p2 — k3) P (pr — p2 — 2)

% [(pals (@),

X [<p2 l(o-l’)a*ll k2p1> gaz-; (q1) + <p2k2

klPS) 6?2&]

m)yi(qi)l} (A19)

pa) 8t + (pa (0,

(0',,)01

) 2
iMO = —g¥ (g%)" gaww DY (k + k) DY (11 — p2) Fo {p2 (o),

X {(P‘n ki + kg ‘(U“)aa P3> bg2.a + <P4 |(°”)a3

P)

By + ks, po) 6,,,,,,] (A20)

The complete matrix element, given by the sum of M@ M must be antisymmetrized in
(p1,01) (p3,03) or (p2,02) (P4, 04), when identical flavors occur on the two incoming or outgoing
fermion lines.

To include the subsequent decays W+ — £*y, and Z — £Y{~, we replace

e (ky) — —5—5\/4&“901}“”(8* + )60y, (v ](),, |6 (A21)
e (ke) = g5 (VA D7 (8 + € Yooy, (7 |(07),,

ey (A22)

in the above expressions, and we must use the narrow-width approximation for the final state W
and Z propagators otherwise we have to include additional Feynman graphs to preserve gauge

invarlance.
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APPENDIX B

In this Appendix we present the invariant amplitudes for the processes

99— Ztlg (Bla)
qf — Zitg , (Blb)
gq(§) — Zttq(q) . (Blc)

The amplitudes in this Appendix are calculated using the spinor methods described in
Ref. [28]. In this method, the invariant amplitude is calculated by performing 4 x 4 matrix
multiplications over the propagators, polarization vectors and u and v spinors. This method is
a simple and efficient technique for calculating squared amplitudes when massive fermions are
present.

We define the fermion propagator as

Dy(p) = [p— ms +i0G")Tymy| ", (B2)

where I'y is the decay width of fermion f. The Z polarization vector 1s
ef' = () gl +gh) , (B3)

and the gluon polarization vectors are ¢ = e“(¢;). The Z coupling strengths g{, and g’ are

defined as

gt = (955 +9Z(N)/2 gh = (9{() ~ d2(NN)/2 (B4)

using the ¢Z(f) of Eq. (A6).

We first consider the process gg — Ztlg. The Feynman diagrams for this process are shown
in Fig. 7. We take the Z boson and top-quark momenta to be outgoing, and the gluon momenta
to be incoming. The amplitudes corresponding to the Feynman diagrams in Fig. 7, up to an

overall coupling of —g2, are
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Mo =a(t)f; Di(da + @ + go — E)faDel@ + e — T) £ Dilqe — T ) few(£)(TTHT);;
+permutations of (a, b, c)

My =a(t)faDilt ~ 9a)¢5De(gs + ¢ — Do Di(ge — E) {0 )TTPT);
+permutations of (e, b, c)

M.=a(t)faDi(t — qu)fs Di(t — go — @)#5 Di(qe — £ )fev(E)(T*TT);,

+permutations of (a, &, c)

Ma=u(t)faDi(t — ) o Di(t — ga — @)feDi(t — qu — @ — @) 50(E)(TTPTS)y;
+permutations of (a, b, ¢)

Me=u(t)f7Du(ga + @ + ¢ — )¢ Dilgs + gc — DIV(b, Yo (1) (T[4, T°))s
+cyclic permutations of (a,, ¢)

My =a(t)f7De(ga + g5 + ¢o = T)F(b, ©)Di(ga ~ £ )farv(T)([T*, TIT);;
+cyclic permutations of (a, b, c)

u(t)fa Di(t - qa)ﬁ?Dt(qb + g — E)P(bs C)U({)(TQ[T!’, )iz

H

M,
+cyclic permutations of (a, b, ¢)

Mu=a(t)f(b, ) Delt — @ — )¢5 Dilga — T ) v (E)([T°, TIT*);;
+cyclic permutations of (a, b, c)

M; ﬁ(t)fgﬂDt(t — 4a)¥ (5, )Duft — qo — o — qe)fgtzv(t_)(Ta[Tba T°))i;

+cyclic permutations of (a, b, ¢)

a6, )Dult — @ — ge)fuDilt ~ ga — @ — ) 5o (E)([7°, TT®);

M;
+cyclic permutations of (a, 4, c)

My =u(t)fzDi(4a + @ + g — T (@, b, o (2)[T°, [T, T°]);;
+cyclic permutations of {(a, b, ¢c)

M= ﬁ(t)T(aa b: C)Dt(t — 4z 4 — QC)¢th(f)[Ta= [Tb! TCH‘J‘
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(B5d)
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+cyclic permutations of (a, b, c) (B51)

Il

Mo =u(t){zDe(ga + s + g — T W(a, b, c)v(F) (B5m)

M =u(t)(a,b,c) Di(t ~ ga — g — ¢:)f50(F) (B5n)

where

T(a,0) =[~(2¢s + @) - €5 + (206 + 4a) - a6 + (0 — @) €0 - &3] /(da + @)’ (B6a)
T*(a,b,c)= [—2qa ‘L(b,c)es + 2(qp + qc) - e (b, ¢)
+ (%~ @~ @) T(8,0)] /(ga + & + 2)° (B6b)
and
V¥(a,b,¢) = [[[T% 1", T)ij(ea - cceh — a - ene?) + [T, [T, TJij(eq - evel — cies - ¢.)

+ [T 172, Tis(ehes - e — €a - €cel)] /(qa + g5 + 42)°. (Béc)

The color sum, which involves the T type terms, was performed using the method of Ref [29].
Analytic expressions for the color sum are given in Ref. [19].
There are 24 contributing Feynman diagrams to the process g7 — Ztig shown in Fig. 8. To

present the invariant amplitudes we define

Uy = ((I?Tl:é%)*fvu(m) (B7a)
oy = o)y (202 (BTh)
(753 + py + mt)
gy = U(pa}fv (s £ pv)? __Vm¥ T+ ilome (B7¢)
Vgy = e i;’f:);f;;—_:%;%tmtfvv(?d (B7d)
where py = Pes K =2 (B8)
Ps » =

19



€ , V=
and where ey = (p3) g (B9)

&, V=12

with E'; = €(ps)(gd + g}vs), with f being the appropriate quark flavor. We define the quark

currents

Ji = o(p2)y*ulpr)/(p1 + p2)°, T4y = alps)y*v(ps)/(ps + pa)? (B10)
and the three gluon coupling as
I*(e1, 1, €2,92) = [—(2q1 + @2) - €2€f + (2q2 + q1) - €165 + (g1 — @2)% €1 - €3] /(th +g2)%.

(B11)

Using these definitions, the invariant amplitudes corresponding to the diagrams in Figure 8 are,

up to an overall coupling factor g2 and the color factors,

M = az77*v(ps)02g7uu(p1)(Ps + Pa + ps) ™ (B12a)
M = tt(ps) v vaztagvuu(p1 ) (p3 + ps + pe) (B12b)
M. =Tagfa4t12 (B12¢)
Ma =035 Dy (p1 — p3 — pa)fau(pi) (Bl2d)
Mo =022£(ps)Dy(p1 — p3 — palfaau(p1) (Bl2e)
My =5(pa)J34Dq(P3 + ps — p2)f(ps)urz (B12f)
My =5(p2)f24Dqg(pa + ps — pa) f 7w, (B12g)
M = 5(pa)Yutrgliazy*v(pa)(ps + pa + pe) (B12h)
M =5(p2)7uu1g8(P3)7*vaz (P2 + pa + ps)~* (B12i)
M =Bagfasuy, (B12j)
M, =5(p2)W(tiazv*v(p4), (P3 + ps + pe), €(ps), ps )u(pr) (B12k)
My =0(p2 )Y (tu(ps)¥"vaz, (p3 + ps + pe), €(ps), ps)u(p1) (B121)
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My, = "_’(Pz)r(ﬁ(l?s)’)’“”(m)a (ps + p4), €(ps), ps) Dy (p1 — Ps)f%u(l’l)
n=8(p2)¢Z De(pe — p2)V(@(pa)7v*v(pa), (P3 + pa), €(ps), ps)u(p1)

o =3z ¢(ps)Di(ps + ps + pe)f21v(p4)

¢ = Uzgfnvsz

M
M
My =3¢ 7Di(ps + ps + ps Wnv(pa)
M
M, = B(p2 )y u1283,7,0(p4)(P3 + ps + ps)°
M

s = Tazy"u(p1)tagyuv(pa)(pa + pa + ps)"2

M =Tz fnvy

My =u(ps)fa1 De(—ps — ps ~ pe) 704

My, =4(p3)Jn Di(—ps — ps — pe)f(ps)vaz
My, = 6(p2}y*u128(pa)Yuvag(Ps + ps + ps) >

M = Bazy*u(p1)a(ps)vuvag(ps + pa + ps) ™2 .

The amplitude squared, summed over color, is

|MI? = [ M+ My— Ma— Ms|* /6 + | My + Ma+ M+ Ms[* + 3| My — My +2M5— M+ M| /2

where

Mi=M;+...+ M,
Mz = M;+...+M;
Mag=Mp+ ...+ M,
My=M,+...+ M,
Msg=M+...+ M,

(B13)

(Bl4a)
(B14b)
(Bl4c)
(Bl4d)

(Bl4e)

The amplitude squared for the the process gq(g) — Ztig(§) is straightforwardly obtained
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from Eq. (B13) by crossing the final gluon with either the initial quark or antiquark in the
amplitudes M, through M..

In the above invariant amplitudes, the Z-boson is decayed into fermions by the substitution

. #( )" (gh + ghvs)v(f)
HZ)—~ - ZQ—J§+;MZI‘Z

(B15)

where f and f denote fermion momenta and I'z is the decay width of the Z boson. Similarly,

the top and anti-top quarks are decayed by the substitution

_ g _ (f +mi)
——1(b . B1
for the decay t — W*b, with P_ = (1 — v;), and
2 _
N (+m) _ u(r)y*Pov(e)
ut) = - u(br b5 m? + imL; W2 — M3, + iMwTw (BIT)
for the decay ¢ — ve™h. For anti-top quark decay we substitute
o) = LIy ) (B13)
V212 — m? + im, I,
and
2 — p—
_ =9 (=f{+m) u(e” )y"P_v(v)
Y0 = 5 F o imE P OgE D M2, + iMwTw (B19)

for £ ~ W~b and ¥ — e~ b, respectively. Gauge dependent terms in the W-boson propagator
are removed by the Dirac equation for the massless neutrino and electron.

The numerical program based on the formulas in this Appendix was tested extensively. In the
limit m, — 0 it agrees with the results of Refs. [19,30]. In addition, the gauge invariance of the

amplitudes and the Lorentz invariance of the resulting cross sections were verified numerically.
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TABLES

TABLE L. Cross sections in fb for the EW signal and backgrounds (with m, = 140 GeV),

after requiring a jet in the forward region with pr;(tag) > 40 GeV, and 3 < |7, (tag)| < 5.

Leptonic acceptance cuts are pr(f) > 25 GeV and [y| < 2. The four leptonic channels (£1€5¢30,

where {; = e, 1) are summed.

EW
(1) E;(tag) > 0.4 TeV 6.8
(2) E;(tag) > 2 TeV 4.8
(3) nj(central) < 1 6.8
Eji(tag) > 0.4 TeV
(4) nj(central) < 1 4.8
E;(tag) > 2 TeV
(5) same as (4) plus 2.0

M(et) > 300 GeV

9.3

3.7

2.6

1.0

0.5

Qcp

7.1

2.1

7.1

2.1

0.4
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TABLE II.  Cross sections in fb for the signal with my = 0.1 and 1 TeV, after tagging a
forward jet (Ej(tag) > 2 TeV, pr;(tag) > 40 GeV, 3 < [n;{tag)| < 5). Here n;j(central) denotes
the allowed number of central jets after additional vetoing of jets with pr(j) > 40 GeV and

|7;] < 3. The leptonic acceptance criteria are the same as in Table 1.

mg = 0.1 TeV iy = 1 TeV
nj{central) <1 4.8 5.1
n;{central) = 0 1.6 1.8
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FIGURES

FIG. 1. Feynman graphs for the electroweak process gg — ggW*Z. Representative di-
agrams are shown for (a) vector boson fusion, (b) ¢-channel v, Z and W exchange, and (c)

s-channel electroweak boson exchange.

FIG. 2. Energy distribution of the forward tagged jet with 3 < |7;(tag)| < 5 and pri(tag) >
40 GeV. The EW signal assumes my = 0.1 TeV. The leptonic acceptance criteria are pr(f) >
25 GeV and [ye] < 2. Also shown are the backgrounds from Zti‘g’ (with m, = 140 GeV)

production and from the QCD correction to ¢§ — W Z annihilation: see Eq. (1).

FIG. 3. Energy distribution of the forward tagged jet with additional veto of events with

more than one central jet with |n;| < 3 and pr; > 40 GeV. Other requirements are as in Fig. 2.

FIG. 4. Cluster transverse mass distribution of W*Z events for the EW qq — qqW Z signal
(with mg = 0.1 TeV) and the Zt#'g’ and QCD backgrounds. Acceptance criteria are as in Fig. 3

except for an additional missing transverse momentum cut of g > 75 GeV and E;(tag) > 2 TeV.

FIG. 5. Invariant mass distribution of the three charged leptons M (£€¢) for the g¢g — qgW Z
signal (with my = 0.1 TeV) and the Zti'g’ and QCD backgrounds. Acceptance criteria are the

same as in Fig. 3, plus E;(tag) > 2 TeV.
FIG. 6. Feynman graphs for the electroweak gg — g¢W ™" Z process at order a? in R gauge.
FIG. 7. Feynman graphs for the gg — Ztlg subprocess.

FIG. 8. Feynman graphs for the g7 — Ztfg subprocess.
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